The growth of carbon nanofibres (CNF) by plasma enhanced chemical vapour deposition (PECVD) and the integration of CNFs into devices are studied using high throughput methodology. A growth compatibility chip containing candidate metal contact underlayers and transition metal catalyst layers are used to explore growth activity from various pairings of these two layers. In addition, catalyst density microarray chips (CDMCs) where each chip consists of catalyst patterns with various feature sizes and densities were used to investigate CNF growth and integration. The CDMCs were used to efficiently explore CNF growth conditions as well as subsequent downstream integration and testing for applications in ultrasensitive biosensing and field emission. The methodology described here is widely applicable as a general approach for optimizing the bottom-up growth and integration of nanostructures.
Introduction
There is considerable interest in the development of functional nanodevices based upon carbon nanotubes (CNTs) and related nanostructures. The ability to control nanomaterials growth at the wafer-scale will undoubtedly lead to a variety of applications in sensors, field emission devices and nanoelectronics. Thermal chemical vapour deposition (CVD) has emerged as an important technique to grow CNTs on patterned substrates suitable for device processing [1] [2] [3] [4] . In particular, multiwalled CNTs (MWCNTs) have been grown by this approach into large tower-like structures [2, 4] . While the thermal CVD derived MWCNTs appear to be vertical when viewed macroscopically, in fact the individual CNTs are often entangled when viewed at high magnification. Even with patterned catalyst features with spot sizes strictly controlled (<50 nm), thermal CVD affords very poorly aligned CNTs [5] . Poor vertical alignment presents considerable challenges for the reliable fabrication of integrated devices 1 ELORET Corporation. 2 Also at: Integrated Nanosystems. 3 Author to whom any correspondence should be addressed.
where the key element is a CNT. In contrast, individual, free-standing, vertically aligned CNT structures can be obtained using plasma enhanced CVD (PECVD) [6] [7] [8] [9] . As explained in [9] and [10] , the PECVD derived structures exhibit the bamboo morphology and, for this reason, they are appropriately called multiwalled carbon nanofibres (MWCNFs). The crystalline morphology of MWCNFs are inferior to ideal MWCNTs (which have the walls parallel to the central axis) in terms of mechanical and electrical properties. However, in many instances obtaining excellent vertical orientation is more essential than achieving the wellordered concentric tubular graphite morphology. Several recent demonstrations using MWCNFs have been reported in the fabrication of electron field emitters [11, 12] , ultrasensitive electrodes for biological sensing [13] and interconnects in silicon CMOS integrated circuit manufacturing [14, 15] . Various plasma sources have been employed in MWCNF growth such as microwave [16] , dc [7, 8] , dc with a hot filament [6] and inductive coupling [9, 17] . The figuresof-merit for the applications mentioned above include precise control of growth location and vertical orientation, compatibility with upstream and downstream fabrication processes and CNF uniformity across the integrated device chips, which are explored here.
The development of high throughput methodologies (HTMs) for the exploration of new electronic materials [18, 19] as well as optimizing semiconducting manufacturing processes such as chemical mechanical planarization (CMP) [20] and aspect ratio dependent etching (ARDE) [21, 22] are becoming routine tools for materials scientists and process engineers.
Collectively, HTMs will greatly improve semiconductor process development efficiency, device yields and scalability. In addition, the large amount of information gathered from these methodologies is useful for improving computational process models [20] . In the bottom-up growth of nanostructures, integration with metals, dielectrics and other functional materials vastly expands the parameter space for optimizing device performance. We have explored many of the parameters facing carbon nanostructure growth and integration and identified numerous process variables [23] . However, continued development and refinement of HTMs are still needed to explore the vast combinations of materials (substrates, catalyst, metal contacts, dielectrics, etc) and downstream processing and testing that are anticipated for nanostructure devices. Here we describe methodologies for optimizing the PECVD growth of CNFs using metal contact compatibility libraries (MCCLs) and catalyst density microarray chips (CDMCs). The CDMCs were found to be useful for optimizing plasma growth conditions as we observed interesting effects due to catalyst pattern feature size and density. The CDMCs were then used to understand and optimize downstream processing for ultrasensitive carbon nanoelectrode array development. Additionally, electron field emission measurements revealed variations in emission behaviour that were attributed to catalyst pattern feature density and spacing.
Metal contact compatibility libraries
The parametric space in the PECVD growth of CNFs consists of a number of factors that can be directly controlled such as growth temperature, plasma power, dc bias on the substrate, pressure, nature of the gaseous feedstock as well as catalyst and substrate composition. Of primary importance in the latter category is the screening of underlayer contact materials that are compatible with the catalyst metal and the growth process. For electronic device applications, the interface between the metal contact layer and the CNFs becomes important, and thus contact materials with a close work function match to CNFs ∼5 eV [24] should be explored to minimize contact resistance while maximizing mechanical stability. In the case of CNFs, it is still unclear how the nature of the CNF/contact metal interface affects electron transport. Nevertheless, the exploration of metal contact materials that are compatible with CNF growth will undoubtedly lead to more systematic investigations to uncover the nature of these contacts.
The candidate metal contact layers studied include Cr, Ir, Ta, Ti and W which have bulk work function values of 4.5, 5.3, 4.3, 4.3, 4.7 eV respectively [25] . The contact metals were sequentially deposited (40 nm) onto Si 100 substrates (native oxide present) in rows through a 0.5 mm ×15 mm shadow mask using Ar ion-beam sputtering (spacing between underlayer strips was 1 mm (see [26] )). Upon completing the deposition of the underlayer metals, the substrate was rotated 90
• and the catalyst layers were deposited (Co, Fe, Ni, Fe/Ni, Ni/Co) to a total thickness of 20 nm. Next, the library was loaded into a PECVD chamber that was evacuated to 10 mTorr [27] . After an NH 3 pretreatment using hot-filament heating, C 2 H 2 was added, the pressure was adjusted to 4 Torr, and the plasma was ignited at −550 V (350 W) for 10 min. Figure 1(A) shows the layout of the compatibility library consisting of five underlayers and five catalyst layers. After growth, the compatibility library was placed in the SEM to verify catalyst activity and growth quality. SEM images of the best catalyst combination for each underlayer are shown in figure 1(B) . Ni catalysts afforded the best CNF growth activity for each of the underlayer materials, confirming earlier reports for the dc PECVD growth of CNFs using NH 3 /C 2 H 2 gas feedstocks [6] [7] [8] 28] . A growth activity map was compiled ( figure 1(C) ) that scores the growth quality for each underlayer/catalyst layer combination. Activity was scored based on three criteria: growth activity, vertical alignment and diameter uniformity. For example, a growth activity score of 1 would indicate excellent activity, vertical alignment and a narrow diameter distribution. A score of 0 would indicate no growth activity at all. We find that under these growth conditions, Ir is the poorest underlayer material with little or no CNF growth since all combinations with Ir scored at or below 0.2. Cr gives the highest growth activity of the underlayers studied, but showed little activity when Fe was employed as the active catalyst layer. As seen from the growth activity map, the catalysts could be ranked in the following order for all of the active underlayers studied (Ni > Ni/Co > Ni/Fe > Co > Fe). We believe that growth temperature plays a crucial role in the observed catalyst activity. Although substrate temperature is difficult to measure in our PECVD chamber, we estimate substrate temperature to be at least 600
• C, as we observe the substrate holder to be glowing red-hot (see [27] ). Our experience suggests that Ni catalysts are more active at lower temperatures than Fe catalysts when using a NH 3 /C 2 H 2 feedstock. In order to further study and optimize the growth of CNFs, we utilized CDMCs that could then be used in downstream processing and testing.
Catalyst density microarray chips for optimizing CNT growth
The CDMC as a high throughput methodology allows rapid investigation of catalyst pattern size and density on the CNF growth characteristics. This understanding is critical in applications development. Here, the CDMC layout was based upon considerations for optimizing the feature size and spacing of carbon nanoelectrode arrays for ultrasensitive electrochemical detection. The substrate consists of a 100 mm wafer consisting of 52 chips of 11 mm ×11 mm size. edge length in µm and Y is centre-to-centre spacing in µm. Thus, the cell with 6 µm × 6 µm features spaced by 18 µm is denoted as 6/18.
For this study, the best catalyst and underlayer combination (Ni and Cr, respectively) from section 2 was chosen. The combinatorial chip layout was patterned on 100 mm diameter Si wafers (G-line photolithography) that were pre-coated with a 200 nm thick Cr film; a set of experiments were repeated with bare Si wafers without Cr. After depositing a thin Ni catalyst film (20 nm), the individual CDMCs were diced, and photoresist was lifted-off in acetone, rinsed with isopropyl alcohol, and then dried in a stream of N 2 . Individual chips or groups of chips were then loaded into the PECVD chamber and subjected to various plasma process conditions to quickly find optimal growth parameters. The plasma processing conditions were varied between (500-600 V, 100-500 W) using a gas composition of NH 3 and C 2 H 2 (80 and 22.5 sccm respectively) at 4 Torr. Additionally, we could vary the PECVD cathode configuration to obtain varied power input at constant voltage. The PECVD reactor design and electrode configuration studies can be found elsewhere [27] . The chips were then loaded into the SEM to explore the effect of plasma process conditions on the CNF growth rate, diameter distribution and vertical orientation. Figure 3 shows growth results from low (250 W) and high power (500 W) growth conditions at fixed voltage (525 V). In figure 3 (A) (525 V, 250 W), the most dense cell (6/10) shows good quality growth (uniformity and activity), however cells with feature sizes below 2 µm from the same chip show poor growth activity (cell 1/14 is illustrated in figure 3(B) ). Likewise, when increasing the plasma power to 500 W (525 V), we observe similar effects (compare figures 3(C) and (D)). Using growth conditions between the two extremes illustrated above (525 V and 380 W), we see excellent growth uniformity across the entire CDMC (see figure 4) . The CNFs are 3-4 µm tall and 40-60 nm in diameter. Figure 4 shows the uniformity of growth for cells 6/20 and 1/20. High-resolution cross-sectional transmission electron microscopy confirms the vertically aligned structures are MWCNFs (figures 4(C) and (D)). The dependence on catalyst and pattern spacing requires further detailed studies and modelling to understand the mechanisms. In integrated circuit manufacturing, the literature on reactive ion etching (RIE) discusses 'microloading effects' which are dependent on the feature size of the patterns. In RIE, feature size and density affect the local consumption of radicals and thus local etch rates, and this effect is known as ARDE. In CNF growth, the initial nucleation and subsequent growth rate are dependent on local temperature as well as the transport of gaseous by-products away from the catalysts. The diffusion coefficients of reactants and products also depend on the local temperature and concentrations. It is likely that local variations of these parameters are possible with different pattern densities. Further controlled studies and plasma/surface diagnostics are warranted to explore the similarities to ARDE, if any. It is also possible that the dc plasma could cause sputtering of Cr or Si into the local growth environment. In this case, the smaller catalyst features with more open spacings would be more sensitive to this sputter induced growth retardation, thus leading to catalyst poisoning and poor growth activity. At the optimum growth conditions, there exists a balance between many of the potentially important factors identified above. Thus, more detailed plasma diagnostic studies using CDMCs to uncover the key parameters for CNF nucleation and growth in combination with reactor modelling [29] will be the subject of future studies. We anticipate that in combination with the HTM described here, great strides will be made in the controlled growth of CNT/CNFs using PECVD that should lay the groundwork for wafer-scale processing. Next, we discuss two applications where the utilization of HTM for device integration and testing are important: (1) CNF nanoelectrode arrays for ultrasensitive biosensors and (2) CNF arrays for field emission.
Nanoelectrode array characterization
Carbon electrodes have many advantages over conventional electrode materials such as a wide working potential window and good biocompatibility. Since CNFs have diameters as small as a few tens of nanometres, they can provide dramatically improved temporal and spatial resolution similar to other nanoelectrodes [13] . With PECVD, well-defined CNF arrays can be fabricated routinely, enabling the development of a bottom-up method for routine nanoelectrode fabrication. We are pursuing applications for CNF based nanoelectrode arrays as ultrasensitive biosensors. The electrode fabrication involves the growth of the CNF array, encapsulation in a SiO 2 matrix to provide mechanical stability and electrical isolation of each nanoelectrode and, finally, CMP to expose the very ends of the CNFs. Feature size and spacing are critical to the performance of the nanoelectrode array, which can benefit from optimization with HTMs. In our previous report [13] , spacing the individually embedded CNF electrodes >1 µm apart (equivalent density of ∼10 8 cm −2 ) was found to be critical to avoid overlap of the semi-hemispherical diffusion layer between neighbouring electrodes and to ensure that they behave as individual electrodes, achieving optimum sensitivity and signal to noise ratio. Precise placement and control over catalyst feature size is attainable with electron beam lithography. However, this approach is expensive and not amenable now to mass-production. Therefore, we turned to conventional photolithographic techniques as an economic alternative to demonstrate that performance of the nanoelectrode sensor is not sacrificed.
For this study, micron sized bundles of CNFs were grown from the catalyst spots on the CDMC. Figure 5 shows the top view of a CNF nanoelectrode array after the CMP step (6 µm features shown). Typically, a 1 µm bundle contains 5-10 CNFs whereas a 6 µm bundle would contain a few hundred CNFs. The spacing between microbundles is varied between 10 and 20 µm (refer to figure 2(B) ). The diffusion layers from individual CNFs in the microbundle overlap with their neighbours, so each CNF bundle behaves similar to a solid microelectrode. The large separation between microbundles avoids further overlap between neighbouring microbundles. As a result, the CDMC mimics a microelectrode array. The cyclic voltammetry (CV) measurement shown in figure 5(C) displays a clear sigmoidal shape, characteristic of a microarray electrode. This behaviour is similar to the behaviour of the nanoelectrode array in our previous report [13] . In the present design, the separation of all the patterns seems sufficient for achieving microelectrode type behaviour. Individually addressable CDMCs are currently being fabricated so that the application specific optimization can be quickly studied for diverse target analytes such as neurotransmitters, DNA, protein, and pathogens. Thus, our eventual goal is to fabricate customized CNF based nanoelectrode array chips that possess the desired electrode characteristics such as interelectrode spacing, and achieve reliable and reproducible performance.
Field emission arrays and characterization
As an additional demonstration of the utility of CDMCs, we evaluated the CNF electron field emission characteristics. Low turn-on fields as well as emission stability make CNTs and related structures excellent candidates for a number of emission applications [30] . CNTs and CNFs are also interesting to study due to observed deviations from conventional FowlerNordheim (FN) emission theory (developed for flat planar metal surfaces) that occurs at low fields. This deviation is thought to be due to the enhancement of local electric fields at the ends of the vertically oriented structures [31] . Other geometric parameters such as spatial arrangement of nearby emitters, length, diameter, etc also affect the local enhancement factor [32] . Recently, CNFs have been used in field emission studies [33] due to the reliability of the PECVD growth process and the ability to obtain individual, vertically aligned emitters. Single site emitters are being developed for electron microgun applications for massively parallel lithography [34] . There are still a number of challenges facing the development of CNF based emitters, and obtaining reliably performing devices will require the optimization of several parameters. Thus, the vast parameter space facing CNF emitter development lends itself to HTMs. We investigated the field emission characteristics of the CDMCs using a conventional diode set-up. The anode was a machined copper rod (3 mm diameter) that was mounted on a translation stage (z direction) in order to vary the cathode/anode separation. The CDMC had a continuous layer of Cr (200 nm) for electrical contacting. The CNF lengths were 5 ± 1 µm. Field emission testing was performed at a pressure of 3 × 10 −8 Torr. Due to the limitations of the testing set-up, we could only evaluate regions, not individual cells within the CDMCs. Nevertheless, careful positioning of the anode over the CDMC allowed us to qualitatively evaluate the dependence of emission characteristics on CNF densities. Emission conditioning was performed (repeated scanning until I -V curves stabilized) at each site to obtain reliable emission data. The gap between the CDMC cathode and the copper anode was 100 µm for the results reported here. Figure 6 shows emission curves from three different regions. Estimating the area of CNF emitters underneath the anode, we assumed that the cells surrounding the central cell would equally contribute to the emission characteristics. Therefore, plotting current density versus electric field, we see that the lowest macroscopic turn-on field, E to (defined as the field needed to extract 10 µA cm −2 ) was obtained when the anode was centred over cell 2/12 (3.5 V µm −1 ). Placing the anode over a denser region (centred on cell 5/16) afforded a higher E to (6.1 V µm −1 ), whereas placing the anode over cell 5/12 (the densest region on the CDMC) gave a turnon field of 6.5 V µm −1 . The corresponding FN fits for the I -V curves exhibit (see figure 6 (B)) differences in the slope of the low-density region (cells surrounding 2/12) versus the two high-density regions (5/12 and 5/16). From the slopes of the FN plots, we can calculate the field enhancement factor β by assuming a work function value of φ = 5 eV (value for graphite) for the CNF emitters with the following relation:
where A v is the slope from the FN plots [30] . Thus, β values of 158 (high density), 291 (medium density), and 662 (low density) are obtained. The differences in slope of the FN fits, and thus the difference in β can be explained by considering the spacing between the CNF emitters on the CDMCs. Previous CNT emission investigations have shown that increasing the spacing between emitters increases the electric field locally [31] . In the case of the low-density region, the patterned CNF sites are spaced by more than two times their height (although they contain a number of taller and shorter CNFs found in the same catalyst feature), which explains the apparently high β value. In the higher density regions, the average enhancement factor is much lower because of the presence of many neighbouring CNFs that locally shield the strong emitter sites. Although some initially strong CNF emitters may have existed, they were more shielded than in the low-density cells, and thus they encountered less field induced damage. The CDMC was inspected to see what, if any, changes occurred during FE testing at the various sites. A number of reports have reported mechanical failure of MWNTs and CNFs during FE testing. Figures 6(C) and (D) shows images before and after FE testing for the low-density region (cell 2/12). There is some evidence of damage in the high-density regions (6/10) where we notice the presence of small clusters of CNFs (data not shown) that became dislodged, on top of the CNF microbundles. In the low-density regions (2/12), there is much more noticeable damage to the CNF emitters. Figure 6 (D) shows evidence for mechanical failure at the emitter/contact surface, as noted by long CNFs typically lying horizontally along the surface, consistent with the failure mechanism observed in [35] . Therefore we believe that in the initial conditioning of the emitter area in the low-density regions, there are a number of strong CNF emitters that fail due to extremely high local electric fields (higher than the assumed global electric field). The 2 µm features that originally contained CNFs as tall as 6 µm (initially showing turn-on fields as low as 1.8 V µm −1 from the conditioning scans), were apparently shortened to heights of 4 µm (turnon field 3.5 V µm −1 ), where a number of CNFs per feature were probably emitting (β = 662). After conditioning these regions (5 scans between 1 and 10 V µm −1 ), a steady state is reached and stable emission is established. We attribute failure of the CNFs during the initial conditioning in the low-density regions to localized heating at the emitter/contact interface, probably due to the high contact resistance between the CNF and the underlying Cr. This confirms that there still remains a challenge for optimizing the interface between the CNF and the underlying contact in order to achieve optimal and stable emission performance. In addition to considering geometrical aspects (length, diameter, spacing) that contribute to the enhancement factor (e.g. CDMCs), other parameters such as materials/interface issues should also be addressed using a systematic high throughput approach. Thus, the application of HTMs should undoubtedly accelerate the understanding and performance of CNT based emitters.
Conclusions and outlook
Depending on the device application, there are a number of HTMs that can be implemented to systematically and efficiently investigate the parameter space for the growth and integration of CNFs into useful systems. Using growth compatibility chip libraries, it is possible to quickly find optimized combinations of metal contact layers and catalysts as demonstrated here. Furthermore, using CDMCs, we found a number of issues when varying the feature size of the catalyst for CNF growth. PECVD conditions for continuous catalyst films are much different than those for patterned catalyst sites, which we attribute to microloading type effects. Subsequent PECVD growth optimization gave uniform growth of CNFs across the entire CDMC. For downstream processing and testing, we also demonstrated the utility of the CDMCs for dielectric encapsulation, mechanical polishing and initial testing for carbon nanoelectrode array development. Furthermore, we describe a general approach for systematically investigating the field emission characteristics of vertically oriented CNFs to explore important geometric considerations for optimizing the emission performance.
The implementation of HTMs for nanoscale materials shows tremendous promise for applications development as well as systematic studies of device operation and optimization. The methodologies described here should prove useful across the spectrum of new nanomaterials such as semiconducting nanowires. The myriad of materials and interface compatibility issues will undoubtedly require multiple parameter optimizations. It is hoped that HTMs will be adapted in a wide range of studies, from academic pursuits to nanodevice applications development and manufacturing.
